INTRODUCTION
Several estimates suggest that 30 cents of every health care dollar spent in the United States do not improve health outcomes. [1] [2] [3] An estimated $250 to $325 billion dollars are spent annually on unnecessary, duplicative, and/or inappropriate diagnostic tests. 2 Identifying specific wasteful tests and treatments and developing interventions to reduce overutilization are critical initiatives for combating the rising cost of health care in the United States.
Cardiac biomarkers, such as creatine kinase (CK, total and MB-fraction) and troponin, are frequently ordered in the emergency department (ED) and inpatient units to evaluate patients suspected of having an acute coronary syndrome (ACS). In 2010, more than 17 million patients visiting an ED in the United States received cardiac biomarker testing. 4 Guidelines developed in conjunction with the American Heart Association specify that troponin, evaluated no more than three times, is the preferred biomarker for diagnosis of ACS, and total CK and CK-MB should only be used if troponin is not available at the corresponding testing laboratory. 5 An analysis of more than 11,000 patients presenting to an ED found that there were zero instances where ACS was detected from a positive CK-MB when the troponin was negative. 6 Despite these guidelines, a recent survey of emergency medicine physicians at 98 US hospitals found that 85 % of institutions combine troponin with additional biomarkers such as CK-MB. 7 A chart review of patients admitted to an internal medicine service at our institution revealed that providers ordered troponin, CK and CK-MB as a panel, with more than 20 % of patients receiving more than three of each of these tests. We estimated a potential annual reduction of more than 50,000 tests and $1 million in charges if providers ordered troponin alone, no more than three times for the diagnosis of ACS. 8 In this study, we aimed to design and implement a multimodal intervention grounded in behavioral theory to align cardiac biomarker ordering with guidelines at our institution.
METHODS

Study Design and Setting
We used an interrupted times series design over the time period January 2009 through October 2012 to assess the impact of an intervention on cardiac biomarker ordering at Johns Hopkins Bayview Medical Center (JHBMC). JHBMC is a 555-bed academic medical center in Baltimore, MD. Details on the setting and provider makeup are included in Online Appendix 1.
Description of Intervention
In consultation with cardiologists at our institution, we developed an institutional guideline to specify appropriate ordering of cardiac biomarkers for the diagnosis of acute coronary syndrome (ACS). This guideline was consistent with the 2007 National Academy of Clinical Biochemistry laboratory medicine practice guideline. 5 The guideline suggests ordering troponin alone, without CK or CK-MB, in patients with suspected ACS. Furthermore, the guideline specifies that troponin should be assessed no more than three times, appropriately spaced over 18-24 hours, noting that there is no clinical utility to further testing or trending elevated troponin to peak or resolution in the absence of a diagnosis of ACS.
We designed a multimodal intervention based on the classification scheme of factors that influence behaviors from the PRECEDE model of behavioral change 9 : predisposing factors including knowledge and attitudes; enabling factors that facilitate or prevent behavior; and reinforcing factors that reward or reinforce the desired behavior change. A systematic review of interventions to modify diagnostic test ordering behavior found that interventions based on more than one category were more successful. 10 We targeted predisposing factors with informational sessions to high-utilizing internal medicine and emergency department providers to outline the initiative and guideline in August and September 2011. We also disseminated a pocket-sized quick reference card summarizing the recommended ordering algorithm to all hospital providers (Fig. 1) .
We targeted enabling factors by changing the computerized provider order entry system in October 2011 (Meditech, Westwood, MA). We removed orders for CK and CK-MB from all standardized order sets, including several admission and routine daily order sets. We removed troponin orders from all order sets except two that are used for evaluation of new symptoms concerning for ACS. We created a duplicate order pop-up warning when a troponin level was ordered sooner than 6 hours after another troponin level. Likewise, we created pop-up warnings when a provider attempted to order CK-MB or CK. For CK-MB, the warning read: "According to national guidelines, troponin is the preferred biomarker for detecting myocardial injury. CK-MB is only appropriate when troponin levels are unavailable." For CK, the warning read: "Creatine phosphokinase (CK) should not be ordered for evaluation of acute coronary syndrome as it offers no additional benefit beyond troponin alone." In response to these pop-up warnings, providers could choose to either erase the order or override the warning. Finally, with the exception of ED triage order sets, we eliminated orders for nurses to initiate cardiac biomarker testing, and educated nursing staff and providers that orders for cardiac biomarkers should be ordered directly by providers. Online Appendix 1 contains further details on intervention development and implementation.
Data Source and Patient Selection
We obtained data from a hospital administrative database containing patient characteristics, provider orders, and clinical and billing data. For any missing or nonsense data, we consulted the electronic medical record. We included all adult patients (≥ 18 years) admitted to Johns Hopkins Bayview Medical Center from 1 January 2009 through 31 October 2012. Patients admitted on observation status (< 24 hours) to internal medicine and short stay surgical services were included. We excluded patients with a length of stay>30 days, given the increased possibility of repeated clinical episodes warranting evaluation of ACS. Two patients were excluded because their birth dates were not available. The Johns Hopkins Medicine institutional review board (IRB) determined that the project met institutional criteria as a quality improvement initiative and was exempt from IRB review. To protect patient privacy, we created a data set with identifying information limited to patients' age in years at admission and month of admission. We obtained a waiver of HIPAA privacy authorization through the Johns Hopkins Medicine IRB.
Measures
The primary outcome was the percentage of patients per month with guideline-concordant ordering of cardiac biomarkers, defined as zero CK-MB tests and three or fewer troponin tests. Patients with a primary diagnosis of ACS were excluded from primary outcome assessment, as our guideline acknowledged the utility of additional testing in these patients. Secondary outcomes were the mean tests per patient per month for troponin, CK-MB, and CK, as well as monthly incidence of ACS using ICD-9 codes 410.x or 411.x. We examined both the primary ICD-9 diagnosis code, the code reflecting the principal reason for hospitalization, and all secondary ICD-9 codes for the hospitalization.
As a post-hoc analysis, we obtained counts of times warning messages were displayed for CK and CK-MB orders in each month of the post-intervention period for patients admitted to adult inpatient units. Given differences in reporting systems, inclusion and exclusion criteria were not applied to this post hoc analysis (Results reported in Online Appendix 2).
Data Analysis
We divided the study time frame into three periods: preintervention, January 2009 through July 2011; intervention roll-out, August 2011 through October 2011; and, postintervention, November 2011 through October 2012. We controlled for age and gender by standardizing to January 2009, categorizing age as 18-44 years, 45-64 years, and≥ 65 years. Segmented linear regression analysis 11 was used to test for changes in each of the primary and secondary outcomes as a result of the intervention. Regression models included a term for baseline level, a term for baseline time trend, and terms to estimate the changes in level and trend beginning with the first post-intervention month (November 2011). We selected January 2009 as the start date for the pre-intervention period, as it provided 31 months of repeated outcomes measurements spanning multiple years, thus improving our ability to identify any existing secular trends compared with a shorter period. We excluded the three months of the intervention roll-out period (August 2011 through October 2011) from regression analyses. We controlled for autocorrelation by assuming a first-order autoregressive process. Regression models were populated using backward elimination with criteria of p<0.20 to retain terms in the model. We used two-tailed tests with α=0.05 to determine if changes in level and/or trend were significant. The regression results were used to estimate the absolute effect of the intervention and 95 % confidence interval for each outcome at 12 months using multivariate delta methods. 12 Given differences in use of cardiac biomarker testing, we stratified by admission service to internal medicine services versus other services in addition to reporting data on all admissions. We estimated the changes in troponin, CK, and CK-MB tests ordered in the postintervention period by comparing actual utilization with that predicted from the pre-intervention trends from the regression analyses. We estimated the changes in charges using the average charge per test obtained from administrative billing data during the post-intervention period ($51.90 for troponin, $12.33 for CK, and $30.80 for CK-MB). These charges represent negotiated all-payer payment rates under the Health Services Cost Review Commission in Maryland. 13 We used SAS version 9.3 for all analyses (SAS Institute Inc., Cary, NC).
RESULTS
There were 60,494 patients admitted in the 31 months of the pre-intervention period (mean 1,951 patients per month) and 24,341 patients admitted in the 12 months of the postintervention period (mean 2,028 patients per month). The baseline characteristics of the pre-intervention and postintervention patients were similar ( Table 1 ). The mean age was slightly higher in the post-intervention group (54.5 years versus 53.9 years; p<0.001). Of the patients, 46.8 % were male in each group (p=0.96). A higher percentage of patients were admitted to internal medicine services in the post-intervention period compared with the pre-intervention period (51.8 % versus 50.0 %; p<0.001).
Impact on Guideline-Concordant Cardiac Biomarker Test Ordering
Following introduction of the multimodal intervention, there was an absolute increase of 34.0 % (95 % CI 31.9 % to 36.0 %) in the proportion of patients receiving guideline-concordant testing, along with an increasing trend of 0.4 % per month (95 % CI 0.1 % to 0.6 %; Table 2 ). Twelve months following the start of the intervention, the percentage of patients receiving guideline-concordant cardiac biomarker testing was estimated to be 95.5 %, an absolute increase of 38.4 % (95 % CI 36.4 % to 40.4 %) from the expected baseline result (Fig. 2a) .
Impact on Tests Ordered Per Patient
In the first post-intervention month, there was a level change of −0.20 troponin tests per patient (95 % CI, −0.25 to −0.15), without a significant change in the downward baseline month-month trend (Table 2) . At 12 months after the intervention, the estimated number of troponin tests ordered per patient was 0.86, an absolute change of −0.20 troponin tests per patient (95 % CI, −0.25 to −0.15) compared to the predicted result if the baseline trend had continued (Fig. 2b) .
In the first post-intervention month, providers ordered −0.96 fewer CK-MB tests per patient (95 % CI, −1.01 to −0.91), with no change in the downward baseline trend in the post-intervention period (Table 2 ). In the twelfth postintervention month, the estimated number of CK-MB tests per patient was 0.00, an absolute change of −0.96 CK-MB tests per patient (95 % CI, −1.00 to −0.92) compared to the predicted result (Fig. 2c) .
Impact on Incidence of ACS Diagnosis
In the first post-intervention month, there was an increase in incidence of ACS of 0.3 % per month (95 % CI, 0.0 % to 0.5 %), with no change in the baseline trend ( Table 2 ). In month 12 of the post-intervention period, the estimated incidence of primary diagnosis of ACS was 1.2 %, an absolute increase of 0.3 % (95 % CI, 0.0 % to 0.5 %; Fig. 2d ). The estimated incidence of primary or secondary diagnosis of ACS in month 12 of the post-intervention period was 6.1 %, an absolute increase of 1.4 % (95 % CI, 0.3 % to 2.5 %).
Results Stratified by Admission Service
Improvements in guideline-concordant biomarker test ordering and reductions in ordering of each cardiac biomarker were found for patients admitted to internal medicine services as well as other services. The changes were more marked in patients admitted to internal medicine services; however, baseline levels of guideline-concordance were lower and test ordering higher for patients on internal medicine compared with other services (Table 2) .
Impact on Patient Charges
Compared to baseline trends from the pre-intervention period, tests ordered in the post-intervention year were reduced by 4,369 (16 % decrease), 24,134 (87 % decrease), and 23,376 (95 % decrease), for troponin, CK, and CK-MB respectively. The total reduction in tests ordered was 51,914 (66 % decrease). This translated into a reduction in charges of $1.25 million for the three tests combined, a 50 % reduction, in the post-intervention year (Table 3) .
DISCUSSION
We designed and implemented a multimodal intervention that achieved significant, substantial, and durable improvement in alignment of cardiac biomarker test ordering at our institution with national guidelines. These changes persisted throughout the post-intervention 12-month follow-up period. The ordering of CK/CK-MB was virtually eliminated, and troponin testing was reduced by 16 %. Over one year, we estimate the intervention led to reductions of more than 51,000 tests and $1.25 million in charges. Rather than decreasing our ability to diagnose ACS, the interrupted times series analysis detected a small, but statistically significant increase in the primary diagnosis of ACS and primary or secondary diagnosis of ACS in the postintervention period. Changing physician ordering behavior can be extremely challenging, and neither clinical practice guidelines 14 nor clinical decision support tools 15 alone have lived up to their promise of improving care quality. We believe that the combination of provider education and changes to the electronic ordering system were effective in aligning physician ordering behavior with evidence-based guidelines. Given the concurrence of these interventions, it is not possible to identify the relative impact of each. We observed a transient increase in frequency of order warning messages coinciding with housestaff turnover in July 2012 without a change in ordering outcomes, suggesting that these messages may have had some impact on the results. However, we cannot know if providers would have ignored the messages had provider education not occurred.
The results were robust over a 12-month follow-up period. As detailed in the Online Appendix, over this timeframe there was an expansion in the number of hospitalist providers and in the annual turnover of housestaff membership that occurred in July 2012. We did not adjust the results for temporal changes to provider makeup. We recognize that these changes may make sustained behavioral change more challenging, but we did not observe any meaningful impact on intervention outcomes at these times.
Our results compare favorably with three prior studies that have reported interventions to reduce overutilization of cardiac biomarker testing. Notably, our study was the only to use an interrupted times series design to take into account baseline trends. Meng et al. developed and implemented an algorithm at three Canadian tertiary hospitals that required prior authorization for ordering more than three troponin tests. In a 6-month pre-post analysis, they observed a 30 % reduction in troponin test ordering and associated labor costs, with no significant change in the incidence of myocardial infarction. 16 Kumwilisak et al. developed a consensus-based guideline for appropriate laboratory test ordering in a surgical intensive care unit (SICU) and implemented the guideline via "repeated staff education.". They found a 23 % reduction in cardiac biomarker ordering at 6 months post-intervention, with no differences in survival rate, SICU length of stay, or SICU readmissions. 17 Finally, Calderon-Margarit et al. report a combined educational and administrative intervention targeting diagnostic lab tests, in which CK-MB was abolished and frequency of troponin ordering was limited. A 12-month pre-post analysis identified an 8 % reduction in troponin, with no difference in in-hospital mortality rates and 30-day readmission rates. 18 Our study has several limitations. First, we used a quasiexperimental design with no control group. However, we * Internal medicine services included general medicine, cardiology, pulmonary, and renal † Other services included general surgery, orthopedics, gynecology, obstetrics, psychiatry, neurology, neurosurgery, urology, vascular surgery, trauma, otolaryngology, burn surgery, plastic surgery, chemical dependency used an interrupted time series approach that identified significant changes in outcome levels at the time of our intervention, which protects against most alternative explanations. Second, our intervention was limited to a single institution, which may limit generalizability to other institutions. However, a recent survey identified that 85 % of hospital emergency departments in the United States continue to use CK and CK-MB in addition to troponin for diagnostic evaluation of patients with chest pain. 7 Chest pain accounts for approximately 9 % of all ED visits in patients over the age of 15 years in the United States. 19 Thus, there is likely a significant opportunity to export this intervention to other institutions. Finally, our study is limited in its ability to detect harm. Our intervention was designed to discourage overuse of testing, and we attempted to measure the potential for underuse of testing by comparing rates of ACS diagnosis pre-intervention and post-intervention. Although the incidence of primary diagnosis of ACS did not decrease, we cannot exclude the possibility that some patients in the post-intervention period were not tested and failed to receive an appropriate diagnosis, were misclassified in the administrative data, or were subsequently diagnosed at another institution. We believe our intervention has broad implications for physician ordering behavior in the United States and the potential impact of physicians to reduce wasteful health care spending. At our single institution, our intervention reduced patient charges by $1.25 million in one year, mostly from eliminating the use of CK/CK-MB. If practice patterns at other hospitals mirror ours, the potential charge reduction would be several billion dollars per year nationally. Furthermore, reduced cardiac biomarker testing results in fewer false positive test results, which may lead to decreased ordering of downstream cardiac tests such as noninvasive stress testing, echocardiography, and invasive procedures such as cardiac catheterization and percutaneous coronary intervention (PCI). 20 We provide an example of a successful intervention that led providers to order "less" in the realm of excess cardiac biomarker testing that does not improve diagnostic yield, and receive "more" in terms of potential savings to payers, providers, and patients, along with mitigation of potential downstream harm and cost associated with spurious tests results. Given this success, we believe this approach warrants trial at other institutions and with other diagnostic tests that may be inappropriately ordered. If reproducible, this approach would represent a key tactic in combating spiraling health care costs and improving the value of care delivered to patients.
